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Early spermatids contain roughly 1000-fold more TATA-binding protein (TBP) mRNA than do somatic cells. The appearance
of TBP-overexpressing spermatids in the developing testis is accompanied by a large increase in whole-organ levels of total
RNA and of poly(A)/ RNA per cell. Whereas somatic cells initiate transcription of TBP mRNA at a single promoter/®rst
exon (exon 1C), in adult testis, two additional major promoter/®rst exons (1D and 1E) are used. We have examined the
expression of the somatic and testis-speci®c TBP mRNA isoforms during rodent testis development. In juvenile testes TBP
mRNAs containing either exon 1C or exon 1D, but none containing exon 1E, are detected. At 21 days of age, all TBP
mRNA isoforms begin to overaccumulate. The onset of TBP mRNA overaccumulation is marked ®rst by an increase in
levels of polysomal TBP mRNA, and later by accumulation of mRNP-associated TBP mRNA. In adult testes, only 30% of
the total TBP mRNA is engaged by polysomes; the remainder is sequestered as mRNP particles. All of the TBP mRNA
isoforms in adults exist both as free mRNP particles and as polysomes; however, the fraction in polysomes varies from
60% (exon 1C) to 10% (exon 1E). This suggests that sequences within the ®rst exons alter the probability that the mRNA
will either assemble into polysomes or into translationally inactive mRNP particles. q 1997 Academic Press
INTRODUCTION stages, or spermiogenesis, are marked by a dramatic meta-
morphosis, which includes chromatin reorganization and
The tbp gene is highly overexpressed in spermatids, the condensation, ¯agella formation, and acrosome develop-
haploid spermatogenic cells (Schmidt and Schibler, 1995a). ment, and which converts the early round spermatid into a
This was a surprising ®nding because TBP, as a component mature spermatozoon (reviewed in Fawcett, 1975; Oko and
required for transcription initiation by RNA polymerases I, Clermont, 1991). Elegant studies have demonstrated that,
II, and III, has such fundamental and apparently well-de- upon direct microinjection into an oocyte, round sperma-
®ned function (Goodrich and Tjian, 1994; Hernandez, 1993). tids (or even late meiotic spermatocytes!) can cause fertil-
Why, then, does one particular cell type overexpress this ization and result in apparently normal, fertile offspring (Ki-
housekeeping gene by some three orders of magnitude? mura and Yanagimachi, 1995a,b; and see Aitken and Irvine,
With the purpose of answering this question, we have been 1996, for a recent review). Thus, all of the spermatogenic
investigating testis-speci®c regulation of the tbp gene in modi®cations that occur subsequent to meiosis appear to
rodents. be dispensable for the intraoocyte processes of fertilization
Mammalian spermatogenesis is one of the most spectacu- and for development, but rather, serve only to provide male
lar examples of cell specialization and differentiation gametes with the mechanical, structural, enzymatic, and
known. During the prehaploid stages, the cells undergo pro- energetic properties that are needed to serve as ef®cient
liferation, genetic recombination, imprinting, and meiosis vectors for fertilization.
(reviewed in BellveÁ , 1979; Clermont, 1972; Kimura and Ya- The acquisition of these properties involves a great deal
nagimachi, 1995; Neumann and Barlow, 1996). The haploid of protein synthesis. For example, chromatin condensation
involves sequential replacement of the histones by newly
synthesized transition proteins, which are, themselves, re-1 To whom correspondence should be addressed at present ad-
moved and degraded, and replaced by newly synthesizeddress: Eccles Institute of Human Genetics, University of Utah,
protamines (reviewed in Hecht, 1995). The energy requiredSuite 5400, Salt Lake City, UT 84112. E-mail: eschmidt@howard.
genetics.utah.edu. for sperm motility is supplied by specialized mitochondria
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With the exception of the ovary RNA samples, all samples werewhich contain newly synthesized sperm-speci®c compo-
prepared from males. Except where indicated otherwise, all animalsnents (BellveÁ and O'Brien, 1983; Kleene et al., 1990); acroso-
were between 8 and 12 weeks of age. RNA was prepared by sedi-mal and ¯agellar components are also synthesized during
mentation through CsCl cushions as described previously (Schmidtspermiogenesis (BellveÁ and O'Brien, 1983). In considering
and Schibler, 1995b). Total nucleic acid was prepared and used tothe large mass of protein that is synthesized in the sperma-
measure RNA content, DNA content, and RNA:DNA ratios astids, it is striking that most of this protein synthesis occurs
described previously (Schmidt and Schibler, 1995b). Escherichia
in the complete absence of transcription (reviewed in Hecht, coli total RNA was prepared by lysing a freshly pelleted 200-ml
1990). Thus, whereas early spermatids contain high levels culture of DH5a by sonication in 10 ml of 5 M guanidine isothiocy-
of the components of the basal transcription machinery anate, 5 mM sodium citrate, pH 7.0, 100 mM 2-mercaptoethanol,
(Schmidt and Schibler, 1995) and are transcriptionally ac- 0.5% sodium sarkosyl, and sedimentation through CsCl cushions
tive, transcription terminally arrests roughly 2 weeks prior as other RNA samples.
to the completion of spermiogenesis (Hecht, 1990, 1995; To assay the relative content of poly(A)/ RNA in developing
testes, total RNA samples (1 mg) or controls containing variousMonesi, 1965). Most proteins that are synthesized during
amounts of oligo(dT)-selected poly(A)/ mRNA from rat liver sup-spermiogenesis are encoded by mRNAs which were, them-
plemented to 1.0 mg with E. coli total RNA were ®xed onto Nytranselves, synthesized much earlier and stored as messenger
®lters and hybridized to 2.0 mg of kinase-labeled polyuridylateribonucleoprotein (mRNP) particles (reviewed in Kleene,
(Sigma, P-9528, 10 mCi/mg). After exposure to X-ray ®lm, the radio-1996).
activity of each sample was quantitated by liquid scintillationThe storage of mRNA by early spermatids requires a
counting. To control for loading, a parallel ®lter was stained with
strong translational control mechanism (Kleene, 1996); methylene blue and washed in water, and the individual spots were
roughly 70% of the total polyadenylated RNA in whole cut out. The methylene blue bound by each RNA sample was eluted
adult testis exists as nontranslated mRNP particles (Gold into 1.0 ml 50% ethanol, 0.5 M NaCl, and the absorption was
et al., 1983; Stern et al., 1983; Tafuri et al., 1993). Transla- measured at 633 nm.
tional control in the spermatids is thought to be necessary Western blots were performed as described previously (Schmidt
to delay the accumulation of late spermatid-speci®c pro- and Schibler, 1995a). Tissues were homogenized in high viscosity
buffer (®nal sucrose concentration 1.9 M ) as described (Schmidt andteins until after the completion of the transcriptional phase
Schibler, 1995b); however, since the large haploid round spermatidof spermiogenesis (Kleene, 1996). Indeed, using transgenic
nuclei are not dense enough to sediment ef®ciently through 2 Mmice, it has been shown that premature accumulation of
sucrose cushions (data not shown), nuclei were collected by pel-protamine 1 (Prm1) protein can block completion of sper-
leting for 1 hr at 24,000 rpm in a SW-28 rotor without a cushion.miogenesis (Lee et al., 1995).
This increases the cytoplasmic contamination somewhat, but en-We have previously shown that, whereas in somatic tis-
sures more quantitative yield of spermatid nuclear proteins. Pro-sues a single promoter/®rst exon is used to direct the accu-
teins were extracted by boiling and sonicating the nuclear pellets inmulation of one to ®ve TBP mRNA molecules per cell, in
SDS-loading buffer. All of the antibodies used, with the exception of
spermatids, three major and at least three additional minor the p160 antibody, were rabbit polyclonal antibodies raised against
promoter/®rst exons are used to produce an estimated 1000 the human homologue of the indicated protein; these antibodies
molecules of TBP mRNA per cell (Schmidt et al., 1997). In were purchased from Santa Cruz Biotechnology. p160 is an ubiqui-
the current study we show that developmental changes in tous 160-kDa nucleolar protein of unknown function which was
TBP mRNA levels during sexual maturation correlate with puri®ed from rat liver nuclei, cloned, and sequenced (P. Comte,
large changes in the overall per-cell content of total RNA V. Ossipow, and U. Schibler, unpublished). Polyclonal anti-p160
and of poly(A)/ RNA in testes. antibody was raised in mice (P. Compte and E. E. Schmidt, unpub-
lished). Proteins on immunoblots were visualized using the ECLIn rat testis, all three major tbp promoters were strongly
system (Amersham).activated at 21 days of age; adult levels of TBP mRNA were
achieved by 36 days of age. As puberty progressed, the frac-
tion of total TBP mRNA which was sequestered as mRNP
RNase Protection and RT±PCR Assaysparticles increased from less than 10% to about 70%. Inter-
estingly, about 70% of the TBP mRNA in testis also con- RNase protection assays were performed as described previously
tains testis-speci®c 5* nontranslated leader sequences (Schmidt and Merrill, 1989) using the samples indicated in each
(Schmidt et al., 1997). We show that, although mRNAs con- ®gure. The probes used in this work were as follows (TBP probe
taining all three major TBP mRNA ®rst exons are found regions are indicated in Fig. 1): The TBP ®rst exon-speci®c probes
both as polysomes and as free mRNPs in adult testis, each used were the genomic SauIIIA1/StuI probe (exon 1C), and the exon
differs dramatically in its probability of assembling into 1D and 1E cDNA probes described previously (Schmidt et al., 1997);
the TBP second exon-speci®c probe was the BglII/EcoRI mousepolysomes. This suggests that sequences in the ®rst exons
cDNA probe (Schmidt and Schibler, 1995a); the TBP eighth exon-may regulate, at least in part, the translational ef®ciency of
speci®c probe (Schmidt and Schibler, 1995a) was derived from hu-TBP mRNA.
man cDNA sequences encoding the highly conserved C-terminus
of TBP protein; and for GAPDH, our rat cDNA probe (Schmidt andMATERIALS AND METHODS
Schibler, 1995b) was used. The mouse protamine 1 (Prm1) probe
Animals, Sample Preparations, and Measurements was transcribed from plasmid ks/Prm(S/B)5*-135, which contains
of Total RNA and DNA Contents genomic prm1 sequences extending from an SpeI site 40 base pairs
upstream of the transcription initiation site to a BamHI linkerLewis rats were used for all assays shown with the exception of
the RT±PCR assay in Fig. 5, which was performed on MORO mice. inserted at the NcoI site 91 base pairs downstream of the transcrip-
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FIG. 1. tbp gene intron/exon organization (from Schmidt et al., 1997; Sumita et al., 1993). Exon sequences are shown by boxes, intron
and extragenic sequences are shown by ®ne horizontal lines, and splicing patterns are indicated by ®ne lines descending below the introns
and exons. Protein coding sequences are shown by black boxes, nonprotein coding sequences which are found on TBP mRNAs in all
tissues are shown by open boxes, and sequences that are only found in testis mRNAs are shown by hatched boxes. Regions of probe
sequences used in this study are shown by arrows below the gene (for genomic probes) or mRNAs (for cDNA-derived probes).
tion initiation site (the insert was isolated from plasmid mP1-hGH- reagents. Gradients were prepared in 12.5 ml SW-40 tubes using a
home-made gradient maker having a proximal chamber of diameterhGH (Braun et al., 1989), which was kindly provided by R. Braun).
This probe maps the initiation site, giving a 91-base protected frag- 1.2 cm and a distal chamber of diameter 2.5 cm. Empirically, optimal
separation of mRNPs and polysomes was achieved after a 4-hr spinment. The Prm1 and GAPDH probes were transcribed in the pres-
ence of 50 Ci/mmol [32P]UTP; all other probes were transcribed in at 39,000 rpm, 4±67C, in an SW-40 rotor (at 2±37C some sucrose may
crystallize). Gradients were separated into the indicated number ofthe presence of 400 Ci/mm. All of the RNase protection assays
shown were performed on rat samples. All of the probes used, with equal-volume fractions and RNA was puri®ed from each as described
previously (Schmidt and Merrill, 1991). RNA integrity was con®rmedthe exception of the rat GAPDH probe, recognize highly conserved
regions of their cognate mRNAs, and thus, are equally ef®cient for on ethidium bromide-stained agarose gels. Also, analysis of the distri-
bution of GAPDH mRNA con®rmed that ``linker'' mRNA betweenanalyses or mouse or rat samples.
RT±PCR assays were as described previously (Schmidt et al., the ribosomes had not been cleaved in these preparations. RNase
protection assays of RNA from the gradients were performed using1997). Reverse transcriptase reactions were performed on 1.0 mg of
total RNA using the exon 6 primer described previously (Schmidt equal proportions of each fraction. Controls demonstrated that the
sedimentation pattern of all of the mRNAs tested were not alteredet al., 1997). Using the RNA:DNA ratios of each tissue (2.0, 4.7,
0.6, 1.2, 0.4, 1.4, 1.3, 1.7 for adult testis, liver, lung, kidney, spleen, by the addition of 0.5 M KCl, 3 mg/ml heparin, or 0.5 M urea to
the lysates and gradients (indicating that these large complexes werebrain, ovary, and heart, respectively, Schmidt and Schibler, 1995b;
and unpublished data), the resultant cDNAs were diluted to 250 stable), but that elimination of magnesium from the gradients and
addition of EDTA to the lysates to chelate divalent cations causedcell equivalents/ml (assuming 6.6 pg DNA/cell), and the indicated
cell-equivalents of each cDNA was ampli®ed by standard PCR con- all of the mRNAs tested to sediment as slow as or slower than free
mRNP particles (not shown; without magnesium, the ribosomal sub-ditions using the TBP exon 1C and 1D primers and either the exon
4 primer (for exon 1C-containing RNA) or exon 2 primer (for exon units dissociate and release the polysomal mRNAs). Moreover, puro-
mycin, which terminates nascent polypeptide chains and speci®cally1D-containing RNA) described previously (Schmidt et al., 1997).
dislodges ribosomes from their mRNA template, increased the sedi-
mentation velocity of the putative polysomal TBP, GAPDH, and
mRNP and Polysome RNA Preparation Prm1 mRNAs (not shown). These controls con®rmed that the
mRNAs that sedimented in the polysomal region were very likely
Rat testis cytoplasm extracts were prepared as described previously
engaged by ribosomes.
(Schmidt and Schibler, 1995b); sedimentation on linear 15±50% su-
crose gradients was performed as described in Schmidt and Merrill
RESULTS(1991). To improve resolution of sub-polysome-sized particles without
pelleting the polysomes (such that all RNA-containing particles re- Spermiogenesis and the Onset of TBP
mained suspended in the gradient), exponential 10±85% sucrose gra- Overexpression Correlate to a Period of
dients (12 ml) were used. Although Tafuri et al. (1993) previously Dramatically Increased Cellular RNA
showed high resolution using long (20-hr) centrifugation times with
Accumulation in Testissmall (1.5 ml) Nycodenz gradients, the exponential sucrose gradients
During testis maturation, the ®rst spermatogonia (thehave the advantages of allowing sedimentation of larger preparative
sample volumes in one-®fth the time using more readily available germ line stem cells) to undergo spermatogenesis do so al-
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most synchronously, such that different stages of puberty
can be correlated to the ®rst appearance of cells at a speci®c
spermatogenic stage (Clermont, 1972; Nebel et al., 1961).
We have previously shown that expression of TBP mRNA
in the testis is strongly upregulated between 18 and 28 days
of age in mice and rats (Schmidt and Schibler, 1995a). The
time period of tbp induction correlates to the appearance
of the ®rst haploid spermatids in the developing testis. Im-
munostaining con®rmed that TBP protein overaccumulates
in the round spermatids of adult testis (Schmidt and Schi-
bler, 1995a), which corroborated our interpretation that the
tbp gene is overexpressed during the early stages of spermio-
genesis. Moreover, other components of the basal RNA
polymerase II transcription machinery, including RNA
polymerase II (large subunit) (Schmidt and Schibler, 1995a),
TFIIB, TFIIEa (Fig. 2), and the TFIID TATA-binding protein-
associated factor TAF55 (not shown) are all overexpressed
in testis, albeit at more modest levels than TBP (Schmidt
and Schibler, 1995a; Fig. 2). For this reason, we suspected
that spermatids might be highly transcriptionally active and
we wanted to examine whether any stage-speci®c differ-
ences in cellular RNA accumulation might correlate to the
period of TBP overexpression. Testes were harvested from
rats between 10 and 57 days of age and total RNA and DNA
levels were measured (Fig. 3A). A large increase in total
DNA levels (i.e., the number of cells in the organ) begins
at roughly 15 days of age. This increase in cell number
is not immediately matched by an increase in total RNA
content. Rather, there is a 1- to 3-day lag period before total
RNA levels begin to increase. Thus, the data suggest that
between 15 and 20 days of age, an increase in replication FIG. 3. Changes in testis DNA and RNA content during rat testis
occurs without a corresponding increase in RNA accumula- maturation. (A) Total RNA and DNA content. Each data point
corresponds to a single animal; values correspond to the total DNAtion.
content of both testes from that animal. (B and C) Changes inThe RNA:DNA ratio provides a biochemical measure of
RNA:DNA ratios and poly(A)/ RNA content during development.average cell sizes (Schmidt and Schibler, 1995b). The rapid
RNA:DNA ratios were calculated from the data presented in A,increase in DNA but not RNA content beginning at 15 days
above. The content of poly(A)/ RNA was determined by hybridiza-of age causes a precipitous drop in the RNA:DNA ratio of
tion of equal amounts (1 mg) of total RNA harvested from animals
at the indicated ages to 32P-labeled polyuridylate (C, for this assay,
samples from animals 24 days old or less were prepared from 2 to 5
siblings, other samples were from a single animal). For quantitation
controls, the indicated amounts of puri®ed rat liver poly(A)/
mRNA was supplemented to 1.0 mg with E. coli total RNA. The
radioactivity associated with each sample was used to estimate the
``nanogram equivalents'' of poly(A)/ RNA in each sample. Because
testis mRNAs may differ from those of liver in their average size
and poly(A) tail length, these values may not represent the actual
mass of polyadenylated mRNA in testis. The values determined in
C were corrected for the RNA:DNA ratios of testis at the various
ages to obtain an estimate of the amount of poly(A)/ RNA per unit
FIG. 2. Expression of TBP, TFIIB, TFIIEa, and p160 in testis and DNA in each sample (B).
spleen. The indicated DNA equivalents of each sample were sepa-
rated by discontinuous SDS±polyacrylamide gel electrophoresis
and visualized by Western blotting. p160, an ubiquitous nucleolar
protein, was used as a control (see Materials and Methods for a the organ (Fig. 3B), indicating that at this stage, testis cells
description of p160). Abbreviations: C is a control lane containing
are, on average, even smaller than splenic lymphocytesan undetermined amount of puri®ed recombinant histidine-tagged
(some of the smallest cells in the body, RNA:DNA  0.42;human TBP (the expression plasmid was a kind gift from A. Hoff-
Schmidt and Schibler, 1995b). After 19 days of age,mann and R. G. Roeder; this protein is larger than rat TBP because
RNA:DNA ratios begin to increase, reaching a steady adultof the His tag and the exaggerated Gln repeat on human TBP); S,
spleen; T, testis. level of about 2.0 by 40 days of age. Interestingly, levels of
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poly(A)/ RNA exhibit a different developmental pattern.
Throughout the entire period up to 24 days of age, the
amount of poly(A)/ RNA per unit DNA (i.e., the per-cell
content of poly(A) RNA) remains constant. This suggests
that, although cell size and per-cell ribosome content de-
crease as the ®rst wave of cells undergo meiosis in the testis,
cellular mRNA content remains constant. Beginning
around 24 days of age, per-cell mRNA levels begin increas-
ing, reaching a peak level at roughly 45 days of age which
is ®vefold higher than that found in juvenile testes. This
dramatic increase in overall per-cell total RNA and poly(A)/
RNA accumulation occurs concomitant with the increase
in per-cell TBP and TFIIB mRNA levels (Schmidt and Schi-
bler, 1995a and see below), and thus is consistent with the
proposal that overexpression of the basal transcription ma-
chinery in early spermiogenesis leads to increased RNA syn-
thesis in early spermatids (Schmidt and Schibler, 1995a;
Schmidt, 1996).
Developmental and Tissue-Speci®c Regulation of
the Three Major tbp Promoter/®rst Exons
The tbp gene has three major alternate promoter/®rst
exons (Schmidt et al., 1997) followed by seven additional
exons (Sumita et al., 1993) (Fig. 1). Of the alternate pro-
moter/®rst exons, only exon 1C appears to be used in so-
matic tissues; mRNAs initiated at exons 1D and 1E (as
well as at three minor promoter/®rst exons) are detected
exclusively in testis (Schmidt et al., 1997; and see below).
TBP protein is encoded by sequences in exons 2±8. TBP
mRNA isoforms containing any of the alternate ®rst exons
are predicted to produce the same TBP protein product
(Schmidt et al., 1997).
Relative levels of mRNAs containing each of the three FIG. 4. Developmental accumulation of TBP mRNAs containing
major TBP ®rst exons were determined using the probes exons 1C, 1D, or 1E. The amount of total RNA corresponding to
diagrammed in Fig. 1. We expected exon 1C to be used in 40 mg DNA equivalents of tissue determined from the RNA:DNA
ratio of each sample (see Fig. 3) was supplemented to 100 mg ofjuvenile testes, as this ®rst exon is used in all somatic cells;
total RNA with yeast RNA and assayed by RNase protection usinghowever, we were surprised to ®nd that exon 1D, which is
the indicated probes (A, probes diagrammed in Fig. 1). The controlnot used in liver or brain (Schmidt et al., 1997), was also
reactions (designated C) contained the indicated probe hybridizedused in even the earliest testis samples assayed (Fig. 4). To
to 100 mg of yeast RNA. The speci®c radioactivity of each gel banddetermine whether any other nontestis tissues might use
was determined by liquid scintillation counting of each excised
exon 1D, we compared eight adult tissues (testis, liver, lung, band. These values were divided by the length of the protected
kidney, spleen, brain, ovaries, and heart) from adult mice fragment to give an estimate of the relative abundance of each
(Fig. 5) and six (testis, liver, lung, kidney, spleen, and brain) isoform (B); data are plotted on a semilog scale.
from adult rats (not shown) by RT±PCR analysis. Although
we did detect expression of TBP mRNA initiated at exon
1C in ovaries which was stronger than that in most somatic
tissues, TBP mRNAs containing exon 1D were detected be certain that promoter/exon 1D is not used at some stage
in oogenesis.exclusively in testis (Fig. 5; limit of detection was 1/50th
the testis level). It has been shown that TBP mRNA is some- During maturation of rat testes, all three isoforms of TBP
mRNA were dramatically up-regulated at 21 days of age, atwhat overexpressed at certain times during oogenesis (Wor-
rad et al., 1994). The data in Fig. 5 suggest that overex- which time mRNAs containing exon 1E are ®rst detected
(Fig. 4). Classic studies on the timing of gametogenic devel-pression during oogenesis likely involves up-regulation of
exon 1C. It should be noted, however, that only a small opment in rats indicate that the ®rst spermatids appear in
the testis between 20 and 22 days of age (Clermont, 1972).portion of the mass of a murine ovary will represent oocytes.
Thus, whereas exon 1D mRNA levels are at least 50-fold The concomitant increase in levels of TBP mRNA con-
taining each of the three major ®rst exons suggests that alllower in whole ovary than in whole testis, we cannot yet
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thus may explain, at least in part, the quantitative differ-
ences in levels of TBP mRNA and TBP protein overex-
pression in adult testes.
We next assessed the developmental appearance of trans-
lational control of TBP mRNA. Testis cytoplasmic extracts
were prepared from 19-, 27-, and 45-day-old rats and assayed
as above. The results showed that in 19-day-old testes, like
in adult liver, greater than 90% of the TBP mRNA is polyso-
mal (Fig. 7; TBP mRNA exhibits 3 to 5 ribosomes per mRNA
on average; GAPDH mRNA exhibits 5 to 20 ribosomes per
message [not shown and Fig. 6]). In 27-day-old testes, much
more total TBP mRNA sedimented as polysomes, sug-
gesting that testes at this age have a greater rate of TBP
protein synthesis; however, at this age slowly sedimenting
TBP mRNA also begins to accumulate. By 45 days of age,
only a modest increase in the amount of TBP mRNA that
FIG. 5. Expression of TBP mRNAs containing exons 1C and 1D
sediments as polysomes, but a very dramatic increase inin mouse tissues. Reverse transcriptase reactions were primed on
the amount of slowly sedimenting TBP mRNA (Fig. 7, bot-1 mg of total RNA isolated from the indicated tissues and the indi-
tom), is detected. These results suggest that in the earliestcated amount of each sample was used as template for PCR ampli-
spermatids most TBP mRNA is translationally active; how-®cation (30 cycles) using an internal primer and a primer speci®c
ever, as overexpression continues, more and more TBPfor the indicated initiation exon. T, L, U, K, S, B, O, and H refer
to testis, liver, lung, kidney, spleen, brain, ovary, and heart, respec- mRNA is sequestered as slowly sedimenting particles.
tively; markers are HinF1-cut pBR322. The traditional linear sucrose gradients used in the assays
above optimize resolution of the number of ribosomes en-
gaged on polysomal mRNAs; however, to improve resolu-
tion of sub-polysome-sized particles, we employed exponen-
three promoters are coordinately up-regulated at the onset tial sucrose gradients. The exponential gradients prevent
of spermiogenesis. pelleting of the polysomes while maximizing resolution of
mRNP particles (Fig. 8, top).
Using the exponential gradients, we compared the sedi-Translational Regulation of TBP mRNAs
mentation velocities of TBP mRNA-containing particles
with those of Prm1 mRNA in adult testis (Fig. 8). TheThe translation of many of the mRNAs in spermatids has
been shown to be partially repressed by a mechanism that mRNA distributions for TBP and Prm1 mRNAs were quali-
tatively very similar, indicating that nonpolysomal TBPsequesters these mRNAs as free mRNP particles (see
Kleene, 1996). We previously reported that testis-speci®c mRNAs are engaged in mRNP particles of similar size (i.e.,
sedimentation velocity) as those of Prm1 mRNA. The re-overexpression of TBP mRNA was roughly an order of mag-
nitude greater than testis-speci®c overaccumulation of nu- sults further indicated that translational regulation of TBP
and of Prm1 mRNAs results in nearly identical proportionsclear TBP protein (Schmidt and Schibler, 1995a). To test
whether the discrepancy between TBP mRNA and protein of each message being sequestered as mRNP particles (about
70% of the total).overexpression in testis resulted from translational repres-
sion, we analyzed the sedimentation velocity of TBP mRNA It was intriguing that 70% of adult testis TBP mRNA
existed as free mRNP particles (Fig. 8) and that 70% of adultfrom testis cytoplasmic extracts. mRNAs that are engaged
by ribosomes, or ``polysomes,'' sediment at a greater veloc- testis TBP mRNA contains spermatid-speci®c ®rst exons
(Fig. 4). It seemed plausible that the testis-speci®c TBPity than free mRNPs (Fan and Penman, 1970). The sedimen-
tation velocity of TBP mRNA in adult testis and liver cyto- mRNAs might be uniquely subject to translational control
via cis-acting elements in their ®rst exon sequences, as hasplasm preparations were compared using the probe to exon
8 sequences (which hybridizes to all TBP mRNAs). Al- been recently shown for the copper±zinc superoxide dismu-
tase mRNAs in testis (Gu et al., 1995). To test this possibil-though all detectable TBP mRNA in liver sedimented with
the polysomes (Fig. 6A, fractions P1±P4), most TBP mRNA ity, we analyzed the fractions of the gradient shown in Fig.
8 with probes speci®c to each of the three major ®rst exons.in testis sedimented much more slowly, indicating that it
was engaged in complexes smaller than polysomes (frac- The results showed that, although mRNAs bearing each
®rst exon were found in both polysomal and mRNP frac-tions R1 and R2). As controls, the sedimentation velocity of
mRNA encoding glyceraldehyde phosphate dehydrogenase tions, the polysomal distributions of exon 1C-, 1D-, and 1E-
containing mRNAs differed quantitatively (Fig. 8). Thus,(GAPDH), a ubiquitous glycolytic enzyme, was assessed in
the same samples. In both liver and testis, more than 90% exon 1C was 60% polysomal, exon 1D was 40% polysomal,
and exon 1E was only 10% polysomal. This suggests thatof the GAPDH mRNA sedimented as polysomes (Fig. 6B).
These results indicated that only a fraction (20±30%) of the there are differences in the probability that each mRNA
isoform will assemble into polysomes which depend on theTBP mRNA in adult testis is engaged in translation, and
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FIG. 6. Sedimentation analysis of TBP mRNA in testis and liver cytoplasmic extracts. Cytoplasm preparations were sedimented in linear
15±50% sucrose gradients and separated into 7 fractions. Total RNA was prepared from each fraction and an equal proportion of each
sample (10% of each testis RNA sample was mixed with 100 mg yeast RNA for the TBP assay; 5% of each testis RNA sample was mixed
with 100 mg yeast RNA for GAPDH; 50% of each liver RNA sample was mixed with 50 mg yeast RNA for TBP; 5% of each liver RNA
sample was mixed with 100 mg yeast RNA for GAPDH) was assayed by RNase protection using either the TBP exon 8 probe (A) or the
GAPDH probe (B). The amount of total RNA represented by each sample was determined spectrophotometrically and is indicated below
the autoradiograms. Values in parentheses represent a separate experiment and thus are only qualitatively comparable to other values;
all other reactions were performed in parallel. Lanes P contain roughly 1:100 dilutions of nondigested probe; lanes C contain probe
hybridized to 100 mg of yeast RNA. T and L refer to quantitation controls, which contained the indicated amount of CsCl-puri®ed total
RNA from whole testis or liver, respectively, supplemented with yeast RNA to 100 mg. R1 and R2 refer to fractions from the top of the
gradient which contained predominately tRNAs, RNP particles, free ribosomal subunits, and monosomes. Fractions P1±P5 contained
polysomes of increasing sedimentation velocity.
5* nontranslated sequences. We considered the possibility suggests that exon 1C is used in many testis cells; exon 1E
only in spermatids. Exon 1C-containing mRNA increasesthat the quantitative differences might represent differences
in the proportion of each mRNA that occurs in spermatids 6-fold at puberty (Fig. 4), suggesting that roughly 83% of
exon 1C-containing TBP mRNA in whole adult testis is incompared to other cell types in whole testis and not to
differences in translational regulation of the mRNAs in spermatids. If we assume that the nonspermatid exon 1C-
containing TBP mRNA is entirely polysomal, and thus wespermatids. Thus, the developmental time course (Fig. 4)
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FIG. 7. Developmental changes in testis TBP mRNA-containing
particle sedimentation distributions. Sedimentation was performed
on linear gradients as in Fig. 6 using cytoplasmic extracts prepared
from rat testes of the indicated ages. At the top is the absorption
pro®le (solid line) of a typical gradient (45-day testis). The strong
absorption at the top of the gradient consists of tRNAs, free RNP
particles, free ribosomal subunits, and (predominantly) the deter-
gent (Triton X-100) used to lyse the tissues. The dotted line shows
the approximate sucrose concentration in each region of the gradi-
ent. Gradients were divided into equal-volume fractions as indi-
cated below the absorption pro®le, and 25% of the total RNA puri-
FIG. 8. mRNA distributions on exponential sucrose gradients.®ed from each fraction was assayed by RNase protection using the
Adult rat testis cytoplasmic extract was sedimented in an exponen-TBP exon 8 probe.
tial 10±85% sucrose (dotted line) gradient and separated into 12
equal-volume fractions as indicated. The absorption pro®le (solid
line) is indicated; absorption in fraction 1 is predominantly due to
the detergent. RNA was puri®ed and 5% was hybridized to a mix-
subtract 17% of the total exon 1C signal observed in Fig. 8 ture of the GAPDH probe and the TBP exon 2/3 probe (designated
exclusively from the polysomal fractions (lanes 10±12), we TBP exon 2). In separate hybridizations, the RNA samples were
can calculate that roughly 50% of the exon 1C-containing analyzed for Prm1 mRNA (designated mp1; 1% of each fraction),
mRNA in spermatids is polysomal. This approaches the or for TBP exon 1C-, 1D-, or 1E-containing mRNAs (10% of each
fraction), as indicated.ratio observed for exon 1D (40%) and, thus, mRNAs con-
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DISCUSSION
The basic requirements of spermatogenesis are twofold:
to produce a large number of haploid germ cells, and to
specialize these cells for reproductive success (transmission
and fertilization). We have previously reported (Schmidt and
Schibler, 1995a) that the tbp gene is dramatically up-regu-
lated at the onset of the haploid stages of spermatogenesis,
which follows the proliferative phase, but is an important
period of specialization. To date, the only known functions
of TBP are in initiating RNA synthesis. Here we have mea-
sured changes in testis DNA content (cell number) and aver-
age per-cell RNA content during testis maturation, and we
correlate these changes to regulation of tbp expression.FIG. 9. Neither TBP mRNA nor protein are packaged into sperm.
The data in this paper are from whole testis assays and(A) RNase protection. Whole rat testis, epididymus, sperm washed
therefore represent the biochemical averages for all cellsfrom vas deferens, or spleen were mechanically homogenized in 5
in the organ. Thus, whereas the very ordered progressionM guanidine thiocyanate, 0.5% sodium Sarkosyl, 2-mercaptoetha-
nol, citrate buffer and total RNA was sedimented through CsCl through puberty allows one to predict which cell type or
cushions. The indicated amounts of total RNA from each source stage is most likely responsible for the biochemical changes
were supplemented with yeast RNA and assayed by RNase protec- that are measured during this period (Clermont, 1972; Nebel
tion using the TBP exon 2/3 probe. Control lane C contains probe et al., 1961), the presence of other cell types in the organ
hybridized to 100 mg of yeast RNA. (B) Western blot. Sperm (washed makes the magnitude of changes occurring in those speci®c
from minced vas deferens and epididymus) or rat testis (T) or liver
cell types appear diminished in the assays. Methodology(L) nuclei were boiled and sonicated in the presence of 2% SDS,
exists by which several individual cell types can be enriched50 mM DTT to extract proteins which were analyzed by Western
from dissociated preadult testes (BellveÁ et al., 1977); how-blotting using anti-TBP antibody.
ever, these procedures require extended periods of incuba-
tion at elevated temperatures after disruption of the testis.
In our preliminary attempts at such separations, we found
that when levels of TBP mRNA measured from all of thetaining either of these ®rst exons might be similarly transla-
tionally regulated in spermatids. Exon 1E-containing isolated cell fractions were taken in sum, they were sub-
stantially below the levels measured in whole testis. ThismRNAs, however, are ®vefold more likely to be found in
RNPs in spermatids (only 10% polysomal) than are exon suggests that, although the isolated cells have been shown
to remain viable (BellveÁ et al., 1977), they likely have under-1C- or 1D-containing mRNAs.
gone metabolic changes and might no longer re¯ect the
state of the cells in situ. For the time being, we believe that
Neither TBP mRNA nor TBP Protein Are Packaged the whole organ assays presented here, in combination with
into Spermatozoa in situ localization studies (e.g., Schmidt and Schibler,
1995a), provide the most accurate measures available forThe observation that a large amount of TBP mRNA in
testis is assembled into free mRNP particles strongly sug- biochemical changes that occur during spermatogenesis.
Early in maturation (ca. 15 days of age in rats) we ®nd agests that TBP mRNA, like Prm1 mRNA, persists in sper-
matids well after the extinction of all transcription. The dramatic increase in testis cell number without any detect-
able change in per-cell tbp expression. During this period,rationale for storing the mRNA for a component of the
transcription machinery in these cells poses an intriguing cellular total RNA content, but not cellular poly(A)/ RNA
content, decreases threefold. However, beginning betweenpuzzle (see Discussion). The only real possibility for this
mRNA to contribute TBP protein for transcription initia- 21 and 24 days of age, as the ®rst wave of germ cells com-
plete meiosis and enter spermiogenesis, average cellulartion would be if this mRNA or its protein product were
packaged into spermatozoa and transported to the oocyte. RNA and poly(A)/ RNA levels increase three- and ®vefold,
respectively. As a result, the ratio of poly(A)/ RNA to totalWe tested this possibility by attempting to extract either
TBP mRNA or protein from adult epididymus or from ma- RNA is roughly ®vefold higher in adult testes than it is in
juvenile testes (Fig. 3C).ture sperm isolated from vas deferens (the major storage area
for mature sperm). However, both epididymus and puri®ed The increase in cellular RNA accumulation in testes dur-
ing puberty correlates to an increase in expression of tbpsperm samples showed only very low or undetectable levels
of TBP mRNA and protein (Fig. 9). We should add that very and of other components of the basal transcription machin-
ery. This suggests that increases in cellular RNA contentlittle RNA could be extracted from the sperm preparations.
We suspect that most of the RNA in the sperm sample arose might be a direct consequence of overexpression of the basal
transcription machinery. As maturation continues, levelsfrom contaminating somatic cells in the semen and not
from the sperm per se. Indeed, we have not found any re- of TBP mRNA continue to increase, but at these later times,
an increased proportion of the TBP mRNA becomes storedports of nuclear-encoded mRNA existing in mature sperm.
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as free mRNP particles. Indeed, storage of TBP mRNA in tion of this transcription is required for spermiogenesis or
what spermiogenic processes, speci®cally, this transcrip-spermatids is about as ef®cient as storage of protamine
mRNA. This suggests that, like for protamine mRNAs tion is required for.
(Kleene, 1996), translational regulation is causing persis-
tence of TBP mRNA into the transcriptionally inactive
Possible Reasons for the Alternate Testis-Speci®cstages of spermiogenesis.
PromotersThe tbp gene is transcribed from three major promoters
in testis, two of which are testis-speci®c (Schmidt et al., The low-level activity observed for promoter/exon 1D in
juvenile testes may be a truly testis-speci®c property. Use1997). Although strong activation of all three promoters
appears to occur at the same developmental stage, the exon of exon 1D was not detected in any of the somatic tissues
tested or in ovaries. However, due to the relative rarity of1D promoter directs the synthesis of more translationally
active mRNA, whereas the exon 1E promoter directs the haploid germ cells in mouse ovaries, compared to haploid
germ cells in mouse testes, we cannot yet exclude the possi-production of mRNA which is more ef®ciently packaged
into mRNPs. Promoter/exons 1D and 1E are highly con- bility that exon 1D is used during oogenesis as well. In
whole juvenile testis, exon 1D-containing TBP mRNA isserved between rats and mice (Schmidt et al., 1997), which
seems to make it less likely that these strong promoters roughly ®ve times less abundant than exon 1C-containing
mRNA (Fig. 3), thus representing a whole-organ average ofwould yield functionless mRNAs (see below). Nevertheless,
we demonstrate that, because 90% of it is sequestered as less than one exon 1D-containing mRNA molecule per cell
(Schmidt and Schibler, 1995a). However, if this mRNA ismRNP particles, exon 1E-containing mRNA does not likely
contribute much TBP protein that functions in transcrip- restricted to only a subset of the cells (e.g., only the sper-
matogonia), levels in these cells would be considerablytion. We therefore consider the possibility that late-trans-
lated TBP protein might have a novel function (see below). higher than the whole-organ average, and might be physio-
logically important. Technically, we do not yet have the
sensitivity required to identify which cells are using exon
Possible Reasons for Having Increased RNA 1D in juvenile testes, or if any cells are using it in ovaries.
Accumulation in Early Spermatids The coordinate up-regulation of all three promoter/®rst
exons at 21 days of age suggests that, rather than havingAt the onset of spermiogenesis, all of the components of
the basal transcription machinery appear to coordinately independent activation of each promoter at a different
spermiogenic stage, transcription from all alternate tbp pro-overaccumulate, and beginning at this time, we detect a
large increase in the average per-cell quantity of both moters is activated as a unit. All of the TBP mRNA isoforms
are predicted to yield the same protein product (Schmidt etmRNA and total RNA. One reason for increased transcrip-
tion in early spermatids is almost certainly to provide the al., 1997); however, there are differences in the translational
ef®ciency of each. Thus, 40% of exon 1C, 60% of exon 1D,large mass of stored mRNA required for the last 2 weeks of
spermatid development; however, it has been suggested that and 90% of exon 1E are in mRNPs. It is possible that early
spermatids recruit promoter/exon 1D to provide more im-there might be ulterior reasons as well. Several existing
postulates to explain the apparent ``promiscuous'' transcrip- mediately translated TBP mRNA than is provided by pro-
moter/exon 1C for the early stages of spermiogenesis, andtion in spermatids have been discussed by Hecht (1995). For
example, it is possible that the chromatin rearrangements at the same time they recruit promoter/exon 1E to provide
a large amount of stored TBP mRNA for later use.that occur during spermiogenesis open up otherwise closed
chromatin and thus allow transcription initiation, or, con-
versely, it is possible that increased genome-wide transcrip-
Possible Reasons for Translational Regulationtion could promote the chromatin rearrangements. Alterna-
of TBP mRNAtively, since transcription and DNA repair are tightly linked
(Drapkin et al., 1994), it is possible that the transcription In the case of protamine mRNAs, translational repression
in early spermatids is thought to act as a storage system toapparatus is being used to target the repair equipment to
the crucial intragenic portions of the genome one last time provide Prm1 mRNA for protamine synthesis at later stages
(Kleene, 1996). Since the sole known function for TBP is inbefore allowing the gamete to contribute to the next genera-
tion. Indeed, some DNA repair enzymes are quite abundant transcription initiation, and these later stages are transcrip-
tionally silent, the logic of having translational repressionin spermatids (Alcivar et al., 1992; Koken et al., 1996; Wal-
ter et al., 1994). Until transgenic animals can be generated of TBP mRNA is less evident. We can exclude the possibil-
ity that stored TBP mRNA gives rise to TBP protein thatin which spermatid-speci®c overexpression of the basal
transcription machinery is disrupted, the validity of these functions in transcription initiation. Thus, because the
spermatid genome will not be transcribed again until activa-models will remain uncertain. In conclusion, although sper-
matids do seem to have increased levels of overall transcrip- tion of zygotic transcription after fertilization, and because
neither TBP mRNA nor protein is packaged in sperm (Fig.tion, and although we can explain on the basis of mass
action thermodynamics why increased concentrations of 9), any TBP protein that might arise from the stored mRNA
will never be in a transcriptionally active cell. One possibil-polymerase machinery should lead to decreased promoter
selectivity (Schmidt, 1996), we do not yet know what frac- ity is that the translationally repressed TBP mRNA is func-
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tionless. Indeed, there have been reports of other mRNAs early. The former case would suggest that speci®c signals
are indeed required for assembly into mRNPs; the latterin testis which apparently cannot be translated. An example
is the ``testis-determining factor'' gene, sry, which, although might suggest that, like in oocytes, mRNP assembly is the
default. In this latter case, one might hypothesize that theit does produce a normal mRNA and protein in the embry-
onic genital ridge, produces only circular mRNAs which speci®c sequences on mRNAs affect the timing of release
from a general (i.e., sequence-independent) translational re-are not likely translated in adult testis (Capel et al., 1993;
Hacker et al., 1995). Primer extension, RNase protection, pression mechanism. Therefore, we consider it possible that
sequences in TBP exon 1E do not direct the assembly ofcloning, and mapping analyses on the 5* ends of TBP
mRNAs from testis have shown that these mRNAs are not the mRNA into mRNPs, but rather, delay its subsequent
transition into polysomes. Experiments are planned to testcircular (Schmidt et al., 1997). Although the conservation
of spermatid-speci®c promoter exons suggests some func- these possibilities directly in transgenic mice.
Regardless of whether it is assembly of mRNA intotion for these transcripts (Schmidt et al., 1997), we cannot
yet determine whether the sequestered TBP mRNAs are mRNPs or their subsequent release which is regulated in
spermatids, it is possible that TBP mRNA is being storedever translated.
In oocytes, where large-scale translational repression is to allow later translation for a speci®c function. We have
essentially ruled out the possibility that this late TBP pro-also known, nearly all endogenous mRNAs are also pack-
aged into mRNP particles. Elegant microinjection experi- tein, if it exists, could function in transcription; however,
it might exhibit a novel function, such as catalyzing one ofments (Bouvet and Wolffe, 1994) have shown that ef®cient
translational repression requires that the mRNA was tran- the chromatin protein transitions during spermatid matura-
tion. One goal of our ongoing work is to attempt to disruptscribed in the oocyte nucleus, but it does not rely on speci®c
sequences in the mRNA, on splicing of the mRNA, nor on normal testis-speci®c expression of the tbp gene in
transgenic animals to test these possibilities, as has beenwhich promoter directed its transcription. Thus, Bouvet and
Wolffe have suggested an attractive model wherein transla- done recently for the prm1 gene in mice (Lee et al., 1995).
tional repression might be a general or default mechanism
that will assemble all mRNAs into mRNPs unless speci®c
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